Effective activation of macrophages through phagocytic Fcg receptors (FcgR) has been shown to require selenoprotein K (Selk). We set out to determine whether the FcgR-mediated uptake process itself also requires Selk and potential underlying mechanisms. Macrophages from Selk knockout (KO) mice were less efficient compared with wild-type (WT) controls in engulfing IgGcoated fluorescent beads. Using LC-MS/MS to screen for Selk-binding partners involved in FcgR-mediated phagocytosis, we identified Arf-GAP with SH3 domain, ANK repeat, and PH domain-containing protein 2 (ASAP2). Coimmunoprecipitation assays confirmed interactions between Selk and ASAP2. Selk was required for ASAP2 to be cleaved by calpain-2 within the Bin/ Amphiphysin/Rvs (BAR) domain of ASAP2. BAR domains promote membrane association, which was consistent with our data showing that Selk deficiency led to retention of ASAP2 within the phagocytic cup. Because Selk was recently identified as a cofactor for the palmitoylation of certain proteins, we investigated whether ASAP2 was palmitoylated and whether this was related to its cleavage by calpain-2. Acyl/biotin exchange assays and MALDI-TOF analysis showed that cysteine-86 in ASAP2 was palmitoylated in WT, but to a much lesser extent in KO, mouse macrophages. Inhibitors of either palmitoylation or calpain-2 cleavage and rescue experiments with different versions of Selk demonstrated that Selk-dependent palmitoylation of ASAP2 leads to cleavage by calpain-2 within the BAR domain, which releases this protein from the maturing phagocytic cup. Overall, these findings identify ASAP2 as a new target of Selk-dependent palmitoylation and reveal a new mechanism regulating the efficiency of FcgR-mediated phagocytosis.
Introduction
The selenoprotein family is a diverse group of proteins that share the common feature of containing the unique amino acid Sec [1] . Twenty-five selenoproteins are found in humans, which exhibit a wide range of tissue distribution and perform a variety of biologic functions [2] . One of these family members, Selk, is enriched in immune tissues and its optimal expression depends on adequate levels of dietary selenium in several different types of leukocytes [3] . The generation of Selk KO mice revealed that this selenoprotein is required for effective calcium flux during the activation of immune cells, and Selkdeficient immune cells were impaired in their capacity to proliferate, migrate, and secrete cytokines [4] . Taken together, these findings suggest that Selk may represent a key mechanism by which dietary selenium levels affect immune cell function.
One aspect of innate immunity for which selenium is important is the phagocytosis and killing of pathogens [5, 6] . Ab-coated pathogens and particles are engulfed through the FcgR system present on phagocytes, such as macrophages, dendritic cells, and neutrophils [7, 8] . Stimulation of macrophages through FcgR not only promotes uptake but also leads to the secretion of mediators for initiating immune responses. Our previous work [4, 9] showed that Selk was required for macrophage activation through FcgR and mediator secretion, but it was not determined whether the uptake process also required Selk. Selk expression is regulated by levels of selenium intake, but this protein is also regulated in macrophages through proteolytic modulation by the calpain/calpastatin system [10] . Thus, there appears to be a particularly important role for Selk in affecting immune cell function and gaining insights into the underlying mechanisms through which Selk regulates functions such as phagocytosis requires further investigation.
A breakthrough in understanding the molecular actions of Selk came in a recent study [11] showing that Selk binds to the enzyme DHHC6 to catalyze protein palmitoylation in the ER membrane. Palmitoylation is a posttranslational modification involving the reversible addition of the 16-carbon fatty acid palmitate to cysteine residues through a thioester bond [12] . This modification can facilitate membrane association of proteins or stable expression of transmembrane proteins. Two proteins found to be palmitoylated by the DHHC/Selk complex in macrophages, thus far, include the IP3R and the oxidized low-density lipoprotein receptor CD36 [13] . Because other proteins are likely palmitoylated by the DHHC6/Selk complex and because Selk may be important for FcgR-mediated phagocytosis, we set out to find proteins involved in this process that require Selk for their palmitoylation and their function. In the current study, we identify Arf-GAP with SH3 domain, ANK repeat, and PH domain-containing protein 2 (ASAP2) as a protein that requires Selk for palmitoylation. ASAP2 has been linked to FcgR-mediated phagocytosis, with a key role in promoting focal accumulation of F-actin [14] . This scaffolding protein was found to associate with structural and adapter proteins, such as paxillin, thereby promoting kinase-dependent cytoskeletal rearrangement in macrophages and other cell types [15, 16] . Our new data show that ASAP2 localizes to the phagocytic cup in macrophages and that Selk-dependent palmitoylation on a specific cysteine residue of ASAP2 leads to its proteolytic modulation. This cleavage event allows ASAP2 to leave the phagocytic cup and is required for efficient uptake of immune complexes by macrophages, highlighting a novel pathway regulating phagocytosis.
MATERIALS AND METHODS

Mice and cells
C57BL/6J WT controls were generated from mice originally purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Generation of Selk KO mice was previously described [4] . All animal protocols were approved by the University of Hawaii Institutional Animal Care and Use Committee. For BMDM, marrow was flushed from femurs and tibiae with HBSS, using a syringe with a 25-gauge needle, and cell suspensions were then passed through a 40-mm pore cell strainer (BD Falcon; BD Biosciences, Bedford, MA, USA) to remove tissue debris. The cells were plated in DMEM containing 10% FCS, 1% penicillin/streptomycin/L-glutamine (Thermo Fisher Scientific Life Sciences, Waltham, MA, USA), and 10% L929-conditioned medium and used on d 6 of culture. The RAW264.7 and HEK293 cell lines were purchased from ATCC (Manassas, VA, USA) and were maintained in the same medium as the BMDM.
Abs and reagents
Abs for Western blots included anti-Selk (1:100 dilution; Epigenomics, Berlin, Germany), anti-calpain-1 (1:1000 dilution; EMD Millipore, Billerica, MA, USA), anti-FLAG (1:1000; Sigma-Aldrich, St. Louis, MO, USA), anti-V5, anti-calpain-2, anti-GAPDH, and anti-ASAP2 (1:500, 1:1000, 1:5000, 1:500 dilutions, respectively; all from Santa Cruz Biotechnology, Santa Cruz, CA, USA). Secondary Abs were purchased from Li-Cor Biosciences (Lincoln, NE, USA). IgG-coated, polystyrene, fluorescent beads were constructed, as previously described [9] . Inhibitors were purchased against calpain-1 (Santa Cruz Biotechnology), calpain-2 (EMD Millipore), and both isoforms of calpain (Sigma-Aldrich), and recombinant calpain-1 and -2 were purchased from Millipore (Calbiochem). Conditions for calpain experiments have been described [10] . To inhibit protein palmitoylation, 2-bromopalmitate (Sigma-Aldrich) was used at 50 mM.
Plasmid constructs and transfections
The cDNA-encoding, full-length mouse SelK was synthesized by GenScript (Piscataway Township, NJ, USA) and subcloned into the expression plasmid pcDNA3.1 + (Thermo Fisher Scientific Life Sciences), as previously described [10] . We then subcloned Selk from this plasmid into a V5-tagged expression vector (Thermo Fisher Scientific Life Sciences). In addition, EGFP-Selk full-length and EGFP-Selk-DSH3BD plasmids have been previously described [10, 11] . A pCMV6 plasmid with a transgene encoding FLAG-tagged ASAP2 or RFP-ASAP2 (OriGene, Rockville, MD, USA) corresponded to NM_001098168. For introducing the Cys-86 to Ala-86 mutation, inverse PCR was used as previously described [10] . Expression plasmids were transfected into BMDM using a Neon transfection system (Thermo Fisher Scientific Life Sciences) and 1 mg pDNA/10 6 cells, or were transfected into RAW264.7 or HEK293 cells using Lipofectamine 3000 (Thermo Fisher Scientific Life Sciences).
Immunoprecipitation, acyl-biotin exchange, and Western blots
Magnetic Protein G-coupled Dynabeads (50 ml; Thermo Fisher Scientific Life Sciences) were incubated with 2 mg Abs for precipitation of proteins, as recommended by manufacturer. Abs were cross-linked to Dynabeads using 5-mM bis(sulfosuccinimidyl)suberate (Thermo Fisher Scientific Life Sciences). Proteins were eluted by boiling for 5 min, followed by centrifugation, and SDS-PAGE gels (Bio-Rad Laboratories, Hercules, CA, USA) were used to separate eluted proteins. In some cases, the proteins were transferred to polyvinylidene difluoride, and blocking was performed with low-fluorescence blocking solution (Li-Cor Biosciences), per manufacturer's instructions for Western blotting. In some cases, SDS-PAGE was stained with Simply Blue (Thermo Fisher Scientific Life Sciences), per manufacturer's instructions. For peptide identification in SDS-PAGE, gel slices were sent to Applied Biomics (Hayward, CA, USA) for LC-MS/MS analyses. SDS-PAGE and Western blotting methods were followed, as described previously [13] , and bands were visualized using a Li-Cor Odyssey. Coimmunoprecipitation and experimental methods for calpain cleavage and inhibition assays were previously described [10] . Acyl-biotin exchange assays were performed, as previously described [11] , with modifications. In brief, pDNA encoding FLAG-ASAP2 was transfected into HEK293 cells for 24 h, and lysates were treated or not treated with 1 M HAM for 1 h. These solutions were incubated with anti-ASAP2 Dynabeads to intraperitoneal FLAG-ASAP2, and biotin exchange was performed to covalently link biotin to cysteine residues that were previously palmitoylated. The presence of biotin was detected using IRDye 800CW (1:1000; Li-Cor Biosciences), and FLAG-ASAP2 pulled down confirmed using anti-ASAP2 and Li-Cor Biosciences secondary Abs. The bands were visualized on an Odyssey scanner (Li-Cor Biosciences). MALDI-TOF was performed by Applied Biomics, as described previously [11] .
Phagocytosis assays and immunofluorescence
BMDMs were plated on 10-15-mm 2 glass coverslips in 24-well plates with 0.5 3 10 6 cells/well in 10% L929-conditioned medium. IgG-coated fluorescent beads (Thermo Fisher Scientific Life Sciences) were added at a ratio of 10:1 (beads/cells) for 20 min. BMDMs were washed with PBS and fixed with 4% paraformaldehyde. Beads were visualized by fluorescence microscopy using a Zeiss Axiovert 200M attached to a Zeiss LSM 5 Pascal imaging system (Carl Zeiss Microscopy, Thornwood, NY, USA). Internalization was confirmed using z stacks, as described previously [4] . Beads per cell, as well as number of cells positive for at least 1 bead, were enumerated, and both values were multiplied to generate the phagocytic index. For imaging endogenous ASAP2 localization, cells were prepared and fixed as described above, then permeabilized with 0.02% Triton X-100. The cells were blocked with 0.2% gelatin for 1 h and then incubated with Fc Block (BD Pharmingen; BD Biosciences), followed by anti-ASAP2 (1:500 final dilution) on ice for 1 h. The cells were washed with PBS, and secondary Abs were added at a 1:1000 final dilution for 1 h. After washing, the coverslips were mounted onto glass slides for confocal imaging using the Zeiss imaging system described above. Each bead was identified by transmitted light, and the fluorescence intensity for the phagocytic cup was measured using ImageJ (National Institutes of Health, Bethesda, MD, USA). Data were collected for .50 cells that had phagocytosed 1-5 beads. For rescue experiments, Selk KO BMDMs were transfected with pDNA encoding RFP-ASAP2, together with either a control GFP vector, with a plasmid encoding GFP-tagged WT Selk or a GFP-tagged Selk with the SH3-binding domain deleted (DSH3BD). After 18 h, IgG-coated beads were added (10 beads/cell) for 20 min, cells were washed and fixed, and coverslips were mounted on slides. ImageJ software was used to calculate the corrected total cell fluorescence with corrections for background fluorescence. The ImageJ plug-in RGB Profile Plot was used to measure total ASAP2 fluorescence of each cell and ASAP2 in phagocytic cups for a minimum of 30 cells/group. Relative levels of ASAP2 in cups were calculated as total/cups and expressed as mean fluorescence in arbitrary units.
Statistical analyses
Comparison of means was carried out using an unpaired Student's t test and Prism version 4.0 software (GraphPad Software, La Jolla, CA, USA). In assays involving 3 groups, such as the rescue experiments, a 1-way ANOVA was used to determine effect of the rescue plasmid used on ASAP2 in the phagocytic cup, with Tukey posttest used to compare the means of each group. All comparisons were considered significant at P , 0.05.
Online supplemental material
Supplemental Fig. 1A shows that WT, full-length Selk, and Selk with a deleted SH3 binding domain (DSH3BD-Selk) were able to interact with ASAP2, suggesting that SH3-SH3BD interactions are probably not involved. Supplemental Fig. 1B shows that high selenium (75 nM) compared with low selenium (25 nM) as selenite in the culture medium led to higher levels of Selk in RAW264.7 cells but did not increase Selk that coimmunoprecipitated with ASAP2. Figure 1 . Selk is required for effective FcgR-mediated uptake by macrophages. Carboxylated, fluorescent beads of 1 mm diameter were covalently coated with BSA alone or BSA followed by anti-BSA IgG. The beads were incubated with BMDM from WT or Selk KO mice at a ratio of 10 beads/cell for 30 min to allow complete ingestion. Cells were washed, fixed, and visualized by microscopy for phagocytosis of the beads. Internalization was confirmed using z-stack imaging, as described in the Materials and Methods section. To identify binding partners of Selk, RAW264.7 mouse macrophages (4 3 10 6 ) were transfected with plasmids, encoding either V5-tagged Selk or GFP as a control. Anti-V5 coated magnetic beads were incubated with lysates from both sets of cells, and immunoprecipitated V5-Selk was detected by Western blotting using anti-Selk in cells transfected with V5-Selk-encoding plasmid but not GFP-encoding plasmid. (B) The lysates described above (40 mg total protein) were separated by SDS-PAGE and stained with Coomassie Brilliant Blue, and gels slices were excised for each lane corresponding to ;50-120 kDa. Proteins were eluted and digested with trypsin to generate peptides that were then analyzed by LC-MS/MS for amino acid sequence. One peptide present in V5-Selk lysates, which was absent from GFP lysates, was EIISEVQR, which corresponded to ASAP2. co-i.p., coimmunoprecipitation. (C) Interactions between Selk and ASAP2 were investigated using coimmunoprecipitation. RAW264.7 cells (2 3 10 6 ) were transfected with a plasmid encoding FLAG-ASAP2 (left panel) or V5-Selk (right panel) for 24 h, and then, IgG-coated beads were fed to these cells for 30 min, followed by lysis. Immunoprecipitation of the overexpressed protein was confirmed in each case, along with coimmunoprecipitation of the endogenous Selk (left panel) or ASAP2 (right panel). Beads with no bound Ab were used as negative controls.
RESULTS
Selk is required for efficient FcgRmediated phagocytosis
Previous work [9] showed that Selk-deficient macrophages exhibited lower levels of cytokine secretion upon FcgR engagement compared with controls, but it was not determined whether efficient uptake through these receptors required Selk. Thus, assays were performed to compare phagocytosis of IgG-coated beads by Selk KO macrophages to WT controls. Results showed that Selk deficiency led to decreased uptake of IgG-coated beads (Fig. 1) . Importantly, FcgR-mediated uptake was specifically affected by Selk deficiency because no differences were found in the uptake of control beads that were not coated by IgG. We next set out to find the mechanisms by which Selk may regulate FcgRmediated uptake.
A screening of binding partners for Selk in macrophages identifies ASAP2
To identify potential Selk-interacting proteins relevant to FcgR-mediated phagocytosis, we transfected mouse macrophage RAW 264.7 cells with a plasmid encoding V5-tagged Selk or GFP as a negative control. Lysates from both sets of cells were subjected to immunoprecipitation with anti-V5-coated beads, and proteins were eluted from the beads. Western blot showed that V5-Selk was immunoprecipitated from lysates of transfected cells but not in the negative-control GFP lysates ( Fig. 2A ). The coimmunoprecipitated proteins were then subjected to SDS-PAGE, followed by Coomassie Brilliant Blue staining (Fig. 2B) . Gel slices extracted from the V5-Selk immunoprecipitate and the negative control lanes (;50-120 kDa) were analyzed by LC-MS/MS for potential binding partners. There were peptides from only 2 proteins identified in the V5-Selk lane that were not present in the GFP-control lane, and 1 of those peptides corresponded to a protein involved in FcgR-mediated phagocytosis: the multidomain protein ASAP2 (NCBI: NP_001091637) [14] . Thus, we focused on ASAP2 as a potential binding partner for Selk. Coimmunoprecipitation experiments were performed to confirm the interaction between Selk and ASAP2, and pulling down either protein clearly coimmunoprecipitated the other (Fig. 2C) . Interestingly, the interactions between ASAP2 and Selk were not affected by changes in bioavailable selenium in the culture medium or deletion of the SH3-binding domain in Selk (Supplemental Fig. 1A and B) .
Selk deficiency leads to retention of ASAP2 in the phagocytic cup ASAP2 (aka PAG3 or Pyk2) is a multidomain protein that exhibits GAP activity for ARF6 and localizes with paxillin in the cell periphery [17] , and during the phagocytosis of IgG-opsonized beads in mouse P388D1 macrophage cells, ASAP2 localized with ARF6 and F-actin at phagocytic cups formed beneath the beads [18] . Because movement to and from the phagocytic cup is crucial for ASAP2 function, we investigated how a Selk deficiency may affect localization of ASAP2 during FcgR-mediated phagocytosis. Immunofluorescence microscopy was used to visualize ASAP2 at different times after uptake of IgG-coated beads by Selk KO BMDMs and WT controls. At the stage of a mature phagocytic cup (20 min), there was a striking difference, with visibly enriched ASAP2 present in KO cells compared with diffused ASAP2 in WT controls (Fig. 3A) . Using ImageJ to quantify the ASAP2 signal, we found that Selk deficiency did not affect the ability of ASAP2 to localize to phagocytic cups but led to prolonged retention within the cups (Fig. 3B ).
ASAP2 is cleaved by calpain-2 in a Selkdependent manner
The retention of ASAP2 in the phagocytic cup suggests that Selk may be required for dissociation of ASAP2 from the mature cup. ASAP2 contains a BAR domain at its N terminus, which is a module that binds membranes and promotes membrane sculpting [19] . Because another BAR domain-containing protein involved in FcgR-mediated phagocytosis-amphiphysin-is cleaved by calpain-2 as a mechanism for dissociating from membranes [20, 21] , we explored the possibility that ASAP2 is not properly cleaved by calpain-2 under Selk-deficient conditions. We initially compared WT and Selk KO BMDMs for phosphorylated ASAP using immunoprecipitation and found no differences, but we found that, in Selk KO cells, there were 2 bands at 112 and 97 kDa, whereas WT cells predominantly had more IgG-coated, 4-mm beads, which were better visualized than 1-mm beads, were incubated with WT or Selk KO BMDM (10 beads added per cell) and were stained for localization of ASAP2 over time. (A) Phagocytic cups were fully formed after 20 min, and ASAP2 was found to accumulate in the cups in Selk KO BMDM compared with WT controls. Scale bar, 10 mm. (B) ImageJ was used to quantify the levels of endogenous ASAP2 in the phagocytic cups in each cell containing beads, as described in the "Materials and Methods" section, and results showed higher levels were retained in mature phagocytic cups in Selk KO BMDM. Results are expressed as means 6 SEM (N = 3). *P , 0.05. of the smaller form of ASAP2 at 97 kDa (Fig. 4A) . To investigate the role of calpains, WT or Selk KO BMDMs were transfected with a plasmid encoding ASAP2 with a C-terminal FLAG tag, and detection of cleaved or uncleaved proteins was performed by Western blot. In WT BMDMs, 2 bands were again detected, and the lower band corresponding to the smaller ASAP2 product was eliminated when the cells were treated with a calpain inhibitor (Fig. 4B) . In Selk KO BMDMs, only the higher band corresponding to full-length ASAP2 protein was detected, and the calpain inhibitor had no effect, suggesting that Selk deficiency prevents calpain cleavage of ASAP2. The difference in size between the full-length and the cleaved form of ASAP2 was ;15 kDa. In addition, the C-terminal FLAG was retained on cleaved ASAP2, suggesting that the ;15 kDa calpain cleaved the portion of ASAP2 that resides toward the N terminus. In fact, a cleavage site that resides at ;15 kDa into the N-terminal side of ASAP2 corresponds to a cleavage site within the BAR domain.
We performed 2 different experiments to determine which of the 2 main isoforms of calpain, calpain-1 or -2, was responsible for ASAP2 cleavage. First, specific inhibitors for calpain-1 or -2 were added to WT BMDM, and it was found that the calpain-2 inhibitor, but not the calpain-1 inhibitor, decreased levels of the cleaved version of ASAP2 (Fig. 4C) . In the second experiment, FLAG-tagged ASAP2 was immunoprecipitated with anti-FLAG beads, and recombinant calpain-1 or -2 was added to the beads. We found that both isoforms were capable of cleaving ASAP2 and that calpain-2 was slightly more efficient (Fig. 4D) . Together, these data suggest that both calpain-1 and -2 are capable of cleaving ASAP2, but in macrophages, calpain-2 is the predominant isoform responsible for cleavage.
To determine whether calpain inhibition has the same effect as Selk deficiency on ASAP2 retention in the phagocytic cup, the ASAP2 localization in the phagocytic cup was imaged during Fcgmediated uptake of IgG-coated fluorescent beads, as described above, was repeated in BMDMs pretreated with the calpain-2 inhibitor or the vehicle control. Fluorescence microscopy showed that the effect of the calpain-2 inhibitor treatment was similar to that found with Selk deficiency because ASAP2 was retained in the mature phagocytic cup (Fig. 4E-F) . Taken together, these data suggest that ASAP2 in the phagocytic cup is cleaved by calpain-2 to disrupt the membrane-associated BAR region of ASAP2, and this releases the smaller form of ASAP2, and the question we next addressed was how Selk may be involved in regulating that process. 6 each) were transfected with pDNA-expressing FLAG-ASAP2 for 5 h, followed by incubation with IgG-coated beads for 20 min. Cells were lysed, anti-FLAG beads were used to immunoprecipitate FLAG-ASAP2, and Western blot performed for total ASAP2 and p-Tyr. Although levels of p-Tyr were similar between WT and KO BMDMs, 2 bands were detected in KO BMDM, whereas 1 band was predominant in WT BMDM. (B) WT and Selk KO BMDMs (2 3 10 6 each) were treated with 20 ng/ml pan calpain inhibitor or DMSO as a vehicle control for 1 h before addition of IgG-coated beads. IgG-coated beads were added for 20 min instead of 30 min in an attempt to detect more full-length ASAP2-FLAG; cells were lysed and lysates were analyzed by Western blot. Vehicle control, treated WT cells, had 2 bands at 112 and 97 kDa, and the latter was eliminated by calpain inhibition. In Selk KO BMDM, only the higher band was detected, and no effect was observed with the calpain inhibitor. Note that WT cells had higher levels of the upper ASAP2 band compared with those in Fig. 4A . This is due to enrichment in the lower band during immunoprecipitation, and no immunoprecipitation was performed for the inhibitor experiments in Fig. 4B . (C) ASAP2-FLAG was overexpressed in WT BMDM, followed by treatment with 3 different calpain inhibitors (20 ng/ml) for 1 h before 20 min of incubation with IgG-coated beads. Cells (2 3 10 6 ) were lysed, and Western blot results showed that calpain-2 and pan calpain inhibitors were effective at reducing levels of the small-size ASAP2. GAPDH was used as the loading control for the above Western blots. (D) FLAG-ASAP2 was overexpressed in RAW264.7 mouse macrophages, and 100 mg total protein was used to immunoprecipitate with anti-FLAG beads and was incubated with DMSO control or 1 mg recombinant calpain-1 or -2 at 37°C for 1 h. Both isoforms of calpain were able to cleave the full-length ASAP2, resulting in lower levels of the upper band. (E-F) WT BMDMs were treated with either the DMSO control or the calpain-2 inhibitor (20 ng/ml), followed by 20 min incubation with IgG-coated beads (10 beads/cell). Representative immunofluorescence microscopy images show levels of endogenous ASAP2 in the phagocytic cups (arrows) relative to whole cell during FcgR-mediated uptake of IgG-coated beads, and methods for quantifying those levels were used, as described for Fig. 3 . Results included .50 cells per condition and are expressed as means 6 SEM. *P , 0.05.
Palmitoylation of ASAP2 is required for calpain cleavage
Because Selk acts as a cofactor for the palmitoylation of certain proteins, we investigated whether ASAP2 was palmitoylated and whether that represented a mechanism by which Selk regulates calpain-2 cleavage of ASAP2. Using a standard acyl/biotin exchange assay to identify palmitoylated proteins [22] , we found that ASAP2 is palmitoylated when overexpressed in HEK293 cells (Fig. 5A) . The incorporation of biotin into the full-length, but not the cleaved, form of ASAP2 is consistent with the notion that the palmitoylated cysteine residue is located within the 15-kDa region released after calpain cleavage. To identify the palmitoylation site in ASAP2, the band corresponding to ASAP2 was excised from a Coomassie Brilliant Blue-stained SDS-PAGE gel and analyzed by MALDI-TOF MS for cysteine residues covalently bound to a palmitoyl group via a thioester bond. Results identified one peptide-FGGNCVCRDDPDLGSAF-with a palmitoylated cysteine residue, as indicated with the bold underline. This demonstrates that Cys-86 is a palmitoylated amino acid in ASAP2 and is within the BAR domain (Fig. 5B) . Because other proteins require palmitoylation for calpain cleavage [23] , we explored the possibility that ASAP2 requires Selk for palmitoylation leading to calpain cleavage for proper dissociation of ASAP2 from membranes enveloping the phagocytic cup. Acyl/ biotin exchange experiments showed that palmitoylation occurs in WT, but to a lesser extent in Selk KO, BMDMs (Fig. 5C) . Consistent with these results, inhibition of palmitoylation using 2-bromopalmitic acid in BMDMs for a short period (8 h) decreased the levels of the cleaved form of ASAP2 (Fig. 5D-E) . These data suggest that Selk promotes palmitoylation and that this has an important role in calpain cleavage of ASAP2.
Palmitoylation of ASAP2 is required for its release from the phagocytic cup and efficient phagocytosis
Selk requires its SH3 binding domain to bind to the DHHC6 enzyme and carry out palmitoylation [11] , so we performed a rescue experiment in which GFP-Selk (the positive control) and a version lacking the SH3-binding domain (GFP-Selk-DSH3BD) were expressed in Selk KO BMDMs, and the effects on ASAP2 localization in the phagocytic cup were analyzed. GFP alone served as a negative control (no rescue). Results showed that GFP-Selk lowered the amount of ASAP2 in the phagocytic cup compared with GFP alone (Fig. 6) . It is noteworthy that expression of GFPSelk-DSH3 did not rescue the effects of Selk KO on retention of ASAP2 in the phagocytic cup, further supporting the notion that the palmitoylation function of Selk is required for proper localization of ASAP2 during phagocytosis. We next overexpressed WT ASAP2 or ASAP2 containing a Cys-86 to Ala-86 mutation (C86→A) in RAW264.7 cells to determine whether an abundance of this protein, which was mutated at the palmitoylation site, would affect phagocytosis of IgGcoated beads. Results showed a lower phagocytic capacity through the FcgR in cells overexpressing the C86→A ASAP2 compared with WT ASAP2, suggesting this palmitoylation site is functionally important (Fig. 7) . A schematic diagram is presented in Fig. 8 summarizing the role of palmitoylation and calpain cleavage of ASAP2 during immune complex phagocytosis.
DISCUSSION
The role of Selk as a cofactor for the palmitoylation of proteins in cells is important because low dietary selenium levels can affect Figure 5 . ASAP2 is palmitoylated, and Selk has an important role in that modification. (A) An Acyl/ biotin exchange assay was conducted in which FLAG-ASAP2 was overexpressed in HEK293 cells, and lysis was performed in the presence of N-ethylmaleimide to cap cysteine residues on all proteins. Two aliquots of this lysate were generated: 1 was treated with HAM to uncap the cysteine residues that had palmitoyl groups attached, and 1 aliquot with no HAM added was used as the control. Biotin was then conjugated to uncapped, reactive cysteines, and these samples were analyzed by Western blot using anti-ASAP2 or streptavidin to detect incorporated biotin in place of palmitate. Results show incorporation of biotin into the 112-kDa band of ASAP2 when HAM was included but not when HAM was excluded (negative control). ( its expression and function, leading to decreased palmitoylation of target proteins. Because Selk is enriched in immune cells, this may represent an important mechanism by which levels of dietary selenium affect immune cell function. This led us previously [11, 13] to identify 2 proteins palmitoylated in a Selk-dependent manner: CD36 and the IP3R. Using both dietary and genetic approaches, we found that both CD36 and IP3R were functionally impaired in Selk-deficient immune cells. In the current study, we identified a third target of Selkdependent palmitoylation: ASAP2. Instead of serving to stabilize the expression of ASAP2, such as was the case with IP3R and CD36, we found that palmitoylation was a posttranslational modification that marks the ASAP2 molecule for cleavage by calpain-2. The role of ASAP2 in FcgR-mediated uptake has largely focused on its GTPase-activating properties [14, 16] , but our new data uncovered palmitoylation and calpain-2 cleavage as important events that regulate ASAP2 localization and affect phagocytic efficiency. In fact, we detected some palmitoylation and calpain cleavage of ASAP2 in the absence of active phagocytosis, which suggests the association/dissociation of ASAP2 with plasma membranes or organelle membranes may happen to some extent before the engagement of FcgR. We used macrophages that were fed immune complexes as our activating event for our coimmunoprecipitations, but inactivated RAW264.7 also demonstrated interactions between ASAP2 and Selk. Thus, the activation state of macrophages may not have a discernable role in ASAP2-Selk interactions.
It is noteworthy that, in the absence of Selk, there was some detectable palmitoylation of ASAP2, which may reflect compensation or redundancy by palmitoyl acyl transferases other than the DHHC6/Selk complex. Our findings reveal that palmitoylation of ASAP2 is a necessary step for calpain-2 cleavage, which promotes membrane dissociation within the phagocytic cups of macrophages. The recruitment of proteins and the organization of actin to phagocytic cups surrounding the engulfed IgG-opsonized particle are complex and highly regulated processes [24, 25] . Equally important to the assembly of these cups is the efficient disassembly, which allows the mature phagosomes to interact with endocytic compartments and eventually to fuse with lysosomes leading to oxidative and proteolytic particle degradation [24, 25] . The requirement of Selk for the completion of this process is consistent with our previous work [4] showing that the oxidative burst produced through FcgRs on macrophages is diminished in Selk KO BMDM. Without proper maturation and dissociation of cellular factors from phagocytic cups, the relocation of these factors and the reorganization of actin to other FcgRs within the same cell would be impaired, and overall phagocytic efficiency would be reduced. This is supported by the current study showing less-efficient FcgR-mediated phagocytosis in Selk KO BMDM compared with WT controls. Thus, Selk appears to influence uptake of IgG-opsonized particles, at least in part, by promoting the ability of ASAP2 to leave the mature phagocytic cup during the late stages of phagosome maturation. These data presented in this study suggest that, in the absence of Selk, ASAP2 is retained in the phagocytic cup because of inadequate calpain-2 cleavage, which relies on Selk-dependent palmitoylation. Exactly how palmitoylation promotes calpain cleavage of ASAP2 is not clear from the data in this study. Addition of the palmitoyl moiety may render the cleavage site in ASAP2 sterically accessible for calpain cleavage. Alternatively, palmitoylation of ASAP2 may promote interactions between ASAP2 and the membranes within the cell, thereby providing a stable surface for substrate and enzyme interactions to occur. Membrane association of target proteins with calpain may allow stable interactions to occur between substrate and enzyme. There are examples of other proteins requiring palmitoylation for proper localization and interaction with calpains [23, 26] . In addition to palmitoylation, myristoylation has a role in facilitating the membrane association that allows calpains to cleave proteins like p35 in neurons [27] . Membrane surfaces within cells very likely represent important sites of proteolytic activity for calpain enzymes [28, 29] and the regulation of the assembly of targets and enzymes, thereby regulating cellular functions that rely on calpain cleavage. In this sense, the membrane surface serves as a cofactor for increasing the catalytic efficiency of calpain cleavage, and the addition of lipids to the targets to enhance proteolysis may be much more common than currently known.
The mechanics of Fcg-mediated phagocytosis have been the focus of much research, and a role for ASAP2 in regulating this process has been previously described. In particular, ASAP2 has been shown to exhibit GTPase activity for ARF6 [14] , which is an isoform of the ARF family GTPases that also belong to Ras superfamily of small GTPases. ARF6 regulates actin rearrangement beneath the plasma membrane during cell spreading as well as Fcg-mediated phagocytosis [30] . The GTP binding to ARF6 is related to its ability to move between the plasma membrane and recycling endosomes [31] , but no role for the calpain cleavage of ASAP2 or palmitoylation at Cys-86 has, to our knowledge, been previously described. Interestingly, calpain proteolysis targets proteins in a limited manner rather than completely digesting them. This often serves to modulate functions of the substrate proteins by cutting their interdomain regions [32, 33] . Our new data suggest that the ;15-kDa N-terminal region of ASAP2 and the remaining ;97-kDa portion of ASAP2 represent 2 domains of this protein that are separated by the calpain-2 cleavage. Furthermore, the Figure 8 . Schematic diagram of the role that DHHC6/Selk-driven palmitoylation of ASAP2 has in FcgR-mediated phagocytosis. At the ER membrane, the DHHC6/Selk enzyme complex palmitoylates ASAP2, which then localizes to the phagocytic cup. Calpain-2 cleaves ASAP2 in the BAR domain in a manner that is dependent on the palmitoyl moiety. The release of ASAP2 allows maturation of the phagocytic cup, perhaps, because of the loss of the membrane-sculpting function of ASAP2 or to signaling events subsequent to its departure or a combination of both. separation occurs within the BAR domain and is necessary for ASAP2 to leave the mature phagocytic cup. BAR domains function to interact with membranes and to sculpture their shapes in a manner that permits nascent vesicle formation [34] . This function of the BAR domain, containing proteins such as ASAP2, is an important determinant in the dynamic reconstruction. The cleavage of ASAP2 within this region by calpain-2 may allow cellular factors to dissociate from the mature phagosome and to be reorganized around a new phagocytic cup. This would be consistent with these data presented here, showing that Selk deficiency leads to less cleavage of ASAP2 and less overall phagocytosis by macrophages. The current study does not fully determine how retention of ASAP2 in phagocytic cups leads to less-efficient Fcg-mediated phagocytosis, but the release of ASAP2 from the membranes in those cups appears to be important for the capacity of macrophages to engulf IgG-opsonized particles. These findings may have implications for diseases related to impaired uptake of immune complexes. Efficient phagocytosis of IgG-coated pathogens is particularly important for clearing infection in diseases driven by extracellular pathogens [35] [36] [37] . Ineffective clearance of immune complexes can also result in glomerular disease or, possibly, the development of autoimmune diseases like lupus erythematosus [38] [39] [40] . Overall, investigations into the mechanisms by which FcgRdriven uptake occurs may provide insight into how particular defects contribute to these disorders. AUTHORSHIP R.L.N. and G.J.F. designed and performed experiments and contributed to writing the manuscript; Z.H., J.D.F., and F.W.H. performed key experiments; and P.R.H. contributed to study's conception and to the design and writing of the manuscript.
